INTRODUCTION
The design and fabrication of supramolecular polymers and materials by precise "bottom-up" self-assembly of building blocks has been an appealing and vital theme for chemists owing to the distinct dynamic properties of supramolecular materials (Lutz et al., 2016; Yang et al., 2015; Yu et al., 2015; Amabilino et al., 2017; Krieg et al., 2016; Chen and Liu, 2015; Qu et al., 2015; Zhang et al., 2018a Zhang et al., , 2018b Zhang et al., , 2018c Zhang et al., , 2018d . Many efforts have been realized in the constructions of sophisticated supramolecular architectures by elaborating the structural design of building blocks and controlling the dimensions, sizes, and manners of the further self-assembly to form diversified supramolecular materials exhibiting the superiority and functionality (Yu et al., 2018; Sun et al., 2018; Zhang et al., 2018a Zhang et al., , 2018b Zhang et al., , 2018c Zhang et al., , 2018d Xing et al., 2018; Ji et al., 2018; Tian et al., 2014; Tao et al., 2019) . Meanwhile, man-made 2D organic materials have also attracted much attention of chemists since the rise of graphene (Colson and Dichtel, 2013; Zhuang et al., 2015) . Although amounts of 2D metal/covalent organic frameworks have been built and fabricated by different kinds of synthetic methodologies and libraries (Wang et al., 2018a (Wang et al., , 2018b (Wang et al., , 2018c (Wang et al., , 2019 Baek et al., 2013; Matsumoto et al., 2018; Xiao et al., 2018) , the design and construction of 2D supramolecular assemblies are still under fledging stage, especially those exhibiting large-area, ultra-thin, free-standing, water-soluble features Pfeffermann et al., 2015; Yue et al., 2016) .
A reasonable strategy to fabricate 2D supramolecular assemblies involves the design of rigid and multibranched monomers, which would define the assemblies growth in a highly ordered direction, resulting in rigid supramolecular frameworks (Dong et al., 2018) . However, the strictly rigid structure mostly inhibited the large-area polymer growth because of the vertical packing tendency of rigid structures and the lack of flexibility, which is significant to allow the adaptive interactions among small-molecular-weight 2D assemblies with different edge shapes. Some groups strive to overcome this issue by interfacial self-assembly strategy (Pfeffermann et al., 2015; Dong et al., 2018) , however, requiring special processing technique. Flexible hyperbranched monomers are good examples to form large-size supramolecular assemblies (Huang and Gibson, 2004; Ferná ndez et al., 2008; Zhou et al., 2010; Dong et al., 2011a Dong et al., , 2011b Dong et al., , 2014 Tao et al., 2012; Fang et al., 2013; Wang et al., 2014) but remain a challenging issue how to precisely construct the dimensions of the assemblies. In many cases, such flexible hyperbranched building blocks tend to self-assemble into spheres or particles because of the flexibility-induced surface curving (Dong et al., 2011a (Dong et al., , 2011b Groombridge et al., 2017; Tian et al., 2017; Datta et al., 2018; . Hence, it is still a fundamental question of whether the 2D supramolecular assemblies with large area can be achieved by the direct solution-phase growth strategies rather than by the self-assembly on interfaces/surfaces. Meanwhile, one of the representative features of supramolecular assemblies involves the capability of stimuli-responsive materials owing to the unique dynamic nature. Numerous supramolecular assemblies, such as zero-dimensional vesicle/micelle (Gaitzsch et al., 2016; Wang et al., 2018a Wang et al., , 2018b Wang et al., , 2018c Gao et al., 2018; Chen et al., 2018; Hu et al., 2018) , one-dimensional fibers/tubes (Hendricks et al., 2017; Cohen et al., 2018; Yagai et al., 2019) , and three-dimensional gels (Appel et al., 2012; Jones and Steed, 2016; Voorhaar and Hoogenboom, 2016) , have been proved to be talented in many potential applications. However, the alterability and stimuli-responsive behavior of 2D supramolecular assemblies have not been exploited yet. Hence, our motivation in these issues locates on following two original hypotheses: (1) whether we can enable the structural rigidity and flexibility in a single 2D supramolecular assembly; (2) what unprecedented properties and functions can be brought in this rigid and flexible 2D supramolecular assemblies. Herein, we report a rationally designed 2D supramolecular assembly to demonstrate the above-mentioned proposals, achieving the direct aqueous self-assembly to form 2D supramolecular assemblies that integrate large area (up to 1000 mm 2 ), nano-sized thickness, water-solubility, and stimuli-induced alterability.
In our design, a semi-rigid tri-branch compound trans-1 was constructed ( Figure 1 ). The unique Y-type structure bears two viologen units and a single azobenzene unit, which can bind together in the cavity of macrocycle cucurbit [8]uril (CB[8] ) to form high-affinity ternary host-guest complex (Barrow et al., 2015; Del Barrio et al., 2013; Tian et al., 2012; Pazos et al., 2019) . Notably, the viologen-terminated aromatic part bears a rigid backbone with a fixed angle of 120 , whereas the azobenzene-terminated linker is flexible. This semi-rigid design is expected to enable a dendrimer-like supramolecular self-assembly in aqueous solution. We expect that the rigid 120 aromatic backbone could support sufficient space for the tubular macrocycle CB[8] and hence inhibit the steric-hindrance-caused low polymerization degree of the supramolecular assemblies. Meanwhile, the simultaneous presence of soft glycol linker provides flexibility to the resulting supramolecular assemblies. This design is distinct from the previously reported strictly rigid supramolecular frameworks, in which the polymer skeleton is rigid and stable. It is expected that our "semi-rigid" design could generate a unique large-sized supramolecular assembly that simultaneously exhibits the capability of dynamic stimuli responsiveness and adaptiveness. 
RESULTS AND DISCUSSION
The compound trans-1 was synthesized. Starting with a previously reported compound 2 , two steps of etherification reactions were performed to yield compound 3 and 4. Then the trifluoroacetic acid (TFA) was used to deprotect the phenylamine groups, and triethylamine was used to neutralize the mixture to expose the amino groups. Finally, the target compound trans-1 was produced by the Zinke reaction with compound 5. The detailed synthesis route of compound trans-1 has been shown in the experimental section of Supplemental Information. The compound structure has been well characterized and confirmed by NMR and HR-MS (see in Supplemental Information).
Trans-1 exhibits water solubility owing to the presence of two hydrophilic viologen units, thus producing a homogeneous aqueous solution. The host-guest recognition of trans-1 with macrocycle CB[8] was confirmed by the observed shielded and broadened aromatic peaks of trans-1 after addition of CB[8] in 1 H NMR spectra ( Figure S1 ). In the UV-Vis spectra titration experiment (Figure 2A ), a remarkable intensity decrease was observed in both the peaks at 260 and 345 nm with the CB[8] solution added, which are attributed to the viologen units and the azobenzene units, respectively. Meanwhile, a shoulder peak after 400 nm rise with the addition of 1.5 equivalents CB [8] , and resulted in an isoabsorptive point observed at 400 nm, indicating the formation of the proposed ternary host-guest combination.
Considering the hyperbranched molecular structure of trans-1, the CB[8]-mediated host-guest combination should generate supramolecular assembled networks. Dynamic light scattering (DLS) indicated the large-sized assemblies in the aqueous solution of trans-1 after mixing with 1.5 equivalents of CB[8] (Figure 2B) . Tyndall effect can be also visible after the addition of CB[8], whereas no visible Tyndall effect can be found in the aqueous solution of tran-1 ( Figure 2B inset). Transmission electron microscopy (TEM) images showed the morphology of the formed supramolecular assemblies, which are micron-sized and have a homogeneous thickness distribution ( Figure 2C ). Notably, some edge regions of the assemblies were found to be branched ( Figure S2 ), suggesting a highly dynamic nature at the edge region of the supramolecular assemblies. The area of these supramolecular assemblies was found to be as large as over 1,000 mm 2 measured by optical microscopy image ( Figure 2D ). The large-area supramolecular assemblies can be processed into a free-standing dry film by simple drop-casting method ( Figure S3 ). The resulting supramolecular assemblies exhibited a reasonable broad scattering peak in small-angle X-ray scattering (SAXS) pattern ( Figure S4 ), indicating the relatively low long-range order in the assembled network, which is consistent with the proposed dendrimer-like supramolecular assembling mode ( Figure 1 ).
The thickness of the supramolecular assemblies was measured as 5.26 G 0.10 nm by atomic force microscopy (AFM) ( Figures 2E and 2F ). Considering the 1.75-nm outer diameter of CB[8] macrocycle , the film should be of few layers. This observation is also reasonable because of the micronsized area of this 2D material in aqueous solution, which would lead to a thermodynamics-preferred packing process. The area-to-thickness of the film can be up to 19 cm. To the best of our knowledge, the observed large area (1,320 mm 2 ) and large area-to-thickness ratio have never been achieved previously in 2D supramolecular assemblies formed by direct aqueous self-assembly process. The large-scale and ultrathin supramolecular assemblies should be attributed to the following four factors: (1) the high binding affinity of the CB[8] ternary host-guest combination as the noncovalent interaction in the network; (2) semirigid molecular design of the monomer, whose rigidity supports the spatial 2D extension toward large scale, and the flexibility simultaneously allows the solubility by inhibiting rigid-packing-caused crystalline process; (3) the tubular CB[8] macrocycles effectively decrease the interlayer packing, and the intrinsic rigidity also supports the orientated ternary host-guest combinations, which is necessary for large-scale 2D extension; (4) the paralleled 1:1:1 ternary host-guest combination between MV 2+ and azobenzene units inside the cavity of CB[8] might also facilitate the further planar growth of the 2D assemblies. However, despite the presence of such large-sized assemblies, the aqueous solution of the supramolecular assemblies is homogeneous, transparent, and stable for months. Therefore, this rational design enables a successful solution-phase growth of micro-area, nano-thickness 2D supramolecular assembly via a simple supramolecular self-assembly strategy.
Interestingly, we found that the resulting 2D supramolecular assemblies exhibited temperature-adaptive deformable ability. After heating the aqueous solution of assemblies at 40 C for 1 h, the 2D supramolecular assemblies transformed from 2D assemblies into highly branched networks ( Figures 3A-3D and S5 ). The observed transformation of the 2D assemblies should be explained as the entropy-driven expansion from high-density dendrimer-like network to disordered low-density branched network. Notably, the porous structure on the assemblies at 0 C can be observed in TEM image with higher magnification (Figure 3B inset). The porous structure can be attributed to the intrinsic space in dendrimer-like network of the resulting supramolecular assemblies. The expansion consequently resulted in the diameter increase of the film pores from about 5 nm (0 C) to about 40 nm (40 C) ( Figures 3C-3E ). The expansion of the pores might be attributed to the heat-accelerated dynamic exchange process between assemblies and free monomers/oligomers, resulting in the increase in the ratio of the ''active'' edges, which induced the expansion deformation of the supramolecular film into a highly branched network with more ''active'' edges. Furthermore, the morphology of the supramolecular assemblies at lower temperature (0 C) were further investigated ( Figure S6 ). The films were found to have disk-like morphology. Notably, the branched edges, also the ''active'' edges, disappeared at 0 C, further confirming the above proposed mechanism for the thermal expansion deformation. The reversible deformation process by varying temperature can be detected by the observed change of the absorbance intensity at 380 nm ( Figure S7 ). DLS showed the consistent results among the three states ( Figure 3F ). Therefore, these results confirmed the temperature-adaptive deformation ability of the supramolecular assemblies, which might be potentially applied in smart soft materials (Samanta et al., 2017; Stoffelen et al., 2014; Sankaran et al., 2015) . It is also worthwhile to exploit the photo-degradable or recyclable polymers because of the vital importance of rising energy and environment issues. Owing to the presence of photo-responsive azobenzene units, the supramolecular assemblies also exhibited photo-switchability ( Figure 4A ). Upon irradiation by UV light (l = 365 nm), the trans-1 performed typical photo-isomerization into cis-form, which had a larger steric hindrance and thus disconnected from the ternary host-guest combination, leading to the light-induced disassembly of the supramolecular assemblies. The light-switching process was detected by UV-Vis spectra ( Figures 4B and S8) . The azobenzene absorption peak at 345 nm can be switched reversibly in six cycle times by repeating irradiation of UV light (l = 365 nm, 2 min) and visible light (l = 420 nm, 5 min). DLS results showed that the size of assemblies decreased remarkably after irradiation of UV light ( Figure 4C ), suggesting the efficient disassembly process. TEM and AFM images confirmed that the micrometer-sized supramolecular assemblies (Figures 4D, S9 , and S10) were disassembled into small nanoparticles (NPs) ( Figure 4E) , which was consistent with the result measured in DLS ( Figure 4C) . The visiblelight-induced inverse re-assembly process was also confirmed by DLS and TEM images ( Figures 4C  and 4F ). Therefore, these observations indicated the excellent photo-switchability of the resulting supramolecular assemblies, which might provide new strategies and models for the design and construction of photo-switchable supramolecular materials (Del Barrio et al., 2016) .
The porous structure and micrometer size of the supramolecular assemblies enable this materials potential to be used as a filter for NPs. The 2D supramolecular assemblies can be deposited on a commercial polyethersulfone (PES) filter with an average pore diameter of 0.22 mm by easily filtering the aqueous solution through the PES filter ( Figure 5A ). The 0.22-mm pores of the PES filter would selectively make the microsized supramolecular films left on the PES film to form a PES-supported supramolecular film. The entrapment proportion of the PES filter for the supramolecular assemblies can be evaluated as 8.8% by comparing the relative absorbance at 345 nm before and after filtration ( Figure S11 ). Thus, the immobilized density of the supramolecular film can be evaluated to be 1.42 3 10 À9 mol , cm À2 . Such immobilization density is quite low compared with the previous examples in NP filter membranes (Krieg et al., 2011) . SEM images also showed the well-dispersed 2D assemblies deposited on the PES substrate ( Figure S12 ). Then the filtration capability of the resulting film was tested for gold NPs with different sizes ( Figure S13 ). The filtration process can be performed by simply filtering the NP solution through the film by a syringe (Figures 5B  and S14 ). In the case of 5.5-nm gold NPs, the filtrate was found to be almost colorless ( Figures 5C and  S15) , and the film after filtration turned into red ( Figure 5D ), indicating the efficient filtration for the gold NPs with small sizes.
The temperature-adaptive capability of the resulting supramolecular assemblies provides possibilities to enable this filtration material with ''on-demand'' modulable pore sizes ( Figure 5E ). As the previous demonstration in Figure 3 , the pores of the supramolecular assemblies can be expanded/contracted between about 5 and 40 nm. Hence, we expected that this property could be used for ''on-demand'' filtration applications, meaning enabling membrane filter materials with ''smart'' pores, whose diameters could be switched by external stimuli for specific requirements. Quantitative experiments indicated that the deposited supramolecular assemblies at 0 C and 25 C exhibited over 90% filtration efficiency for all the tested gold NPs ( Figure 5F ), which was much higher than that of series of blank control samples especially for NPs with small sizes. These results indicate the excellent performance of the resulting porous supramolecular assemblies for NP filtration, and the required film amount for high entrapment proportion is as low as 1.42 3 10 À9 mol , cm À2 , which represents an advanced membrane filter exhibiting distinct advantages at high entrapment proportion as well as low materials utilization amount. Remarkably, the filter material made by filtering the "expanded" supramolecular assemblies at 40 C through the PES filter showed remarkable decreased filtration efficiency for small NPs of 5.5 and 20 nm, whereas it basically remained high efficiency for large NPs of 60 nm. That indicated the effective regulation of the pore diameters of the supramolecular film filter, showing a distinct adaptiveness of filtration functionality (Geise et al., 2010; Luo et al., 2018; Zhang et al., 2018a Zhang et al., , 2018b Zhang et al., , 2018c Zhang et al., , 2018d Zou and Zhu, 2018; Wang et al., 2018a Wang et al., , 2018b Wang et al., , 2018c Zhu et al., 2018; Liang et al., 2018a Liang et al., , 2018b .
Conclusion
In this research, we have demonstrated synthetic 2D supramolecular assemblies that integrate water-solubility, free-standing ability, micrometer size, nanometer thickness, photo-switchability, and dynamic adaptive pore diameters. The distinct semi-rigid structural design not only significantly supports the large area and solubility features of the 2D assemblies but also makes them dynamically adaptive with the external environmental change. This unique adaptive property also enables the 2D assemblies as an ''on-demand'' filter material that exhibits the intelligence of modulable pore sizes. We expect this concept as a potential origin toward smart 2D materials, which presents that the combination of dynamic supramolecular assemblies and 2D materials could provide plenty of new possibilities to construct smart soft 2D materials with more complex functions and applications.
Limitations of the Study
This research provides a distinct structural design strategy for 2D supramolecular assemblies based on host-guest combinations. However, the poor water solubility of macrocycle CB[8] limits the water solubility of the resulting assemblies in only 1 mM scale, which is not high enough for further processing and applications. Moreover, the multi-step synthesis of monomers and macrocycles makes the material costly. Hence, functional materials made by easier and cheaper method should be exploited in future research.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file. Figure S1 . 1 H NMR titration experiments. Figure S2 . TEM images with different magnifications of the resulting supramolecular films. Figure S3 . Photograph shows the free-standing film prepared by drop-casting method of the supramolecular assemblies solution. Figure S4 . SAXS pattern of the resulting supramolecular films. 
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Transparent Method
All the reagents were used as received from Adamas®beta, Aladdin and Aldrich. All organic solvents were reagent grade and were dried and distilled prior to use according to standard procedures. Ultrapure water (18.2 MΩ cm) was obtained from a Millipore system (Labconco 
